The obligatory intracellular bacterium Chlamydophila psittaci is the causative agent of psittacosis in birds and humans. The capability of this zoonotic pathogen to develop a persistent phase is likely to play a role in chronicity of infections, as well as in failure of antibiotic therapy and immunoprophylaxis. To elucidate three different in vitro models for transition of C. psittaci to persistence (iron depletion, penicillin G treatment, and gamma interferon [IFN-␥] exposure), a set of 27 genes was examined by mRNA expression analysis using quantitative real-time PCR. While the phenotypical characteristics were the same as in other chlamydiae, i.e., aberrant morphology of reticulate bodies, loss of cultivability, and rescue of infectivity upon removal of inducers, the transcriptional response of C. psittaci to persistence-inducing factors included several new and distinctive features. Consistent downregulation of membrane proteins, chlamydial sigma factors, cell division protein, and reticulate body-elementary body differentiation proteins from 24 h postinfection onward proved to be a general feature of C. psittaci persistence. However, other genes displayed considerable variations in response patterns from one model to another, which suggests that there is no persistence model per se. In contrast to results for Chlamydia trachomatis, late shutdown of essential genes in C. psittaci was more comprehensive with IFN-␥-induced persistence, which is probably due to the absence of a functional tryptophan synthesis operon.
Chlamydophila psittaci (formerly avian Chlamydia psittaci) is the causative agent of psittacosis, a systemic disease in psittacine birds which can be of acute, protracted, chronic, or subclinical manifestation and which represents the most important animal chlamydiosis of zoonotic character (2, 20) . Avian strains are pathogenic to humans, the symptoms being mainly nonspecific and influenza-like, but severe pneumonia, endocarditis, and encephalitis are not uncommon (34) . Besides, recent surveys showed that C. psittaci can also be found in nonavian domestic animals and wildlife (17, 38, 40) , although its role in these hosts remains to be clarified.
Generally speaking, chlamydial infections can generate a variety of clinical diseases, ranging from acute self-limiting infection, as in cases of human urogenital disease, neonatal conjunctivitis, and pneumonia, to chronic inflammation, as in cases of trachoma, pelvic inflammatory disease, reactive arthritis, chronic obstructive pulmonary disease, and cardiovascular disease. On the other hand, the infection often takes a mild or subclinical course. This remarkable variety of clinical manifestations should, at least in part, be a consequence of the distinctive features of the causative agents. Chlamydiae are a group of obligately intracellular bacteria distinguished by their unique biphasic developmental cycle. In the course of a replication cycle, infectious but metabolically inactive elementary bodies (EBs) evolve into noninfectious but metabolically active reticulate bodies (RBs). The latter reside in a vacuole-like inclusion of the host cell and undergo binary fission before transforming back into elementary bodies to start a fresh cycle.
However, the classical hypothesis of a lytic biphasic cycle seems to reflect only optimized growth conditions and needs to be extended by persistence as a third state (16) . Chlamydial persistence is known as a state of infection during which the pathogen remains viable but noncultivable, while the host immune system is incapable of eliminating it (4, 9) . Morphologically, this reversible state is characterized by aberrant bodies, i.e., enlarged pleomorphic RBs, and reduced inclusion size.
In the literature, eight different in vitro models have been used to study the behavior of chlamydiae and the host cell response in the course of persistent infection. These include antibiotic treatment (23) , amino acid depletion (10), iron depletion (31) , and gamma interferon (IFN-␥) exposure (3) . The publication of complete genome sequences of Chlamydia trachomatis and Chlamydophila pneumoniae (32, 37) has opened up the possibility of systematically investigating the transcriptional response during persistence in these human pathogens. Recent studies have focused on genes involved in regulation of the developmental cycle (14, 26) , energy metabolism (13) , and cell membrane structures (15) .
Despite some general similarities in mRNA expression profiles, such as downregulation of genes that are expressed late in the productive developmental cycle, downregulation of genes that encode proteins involved in cell division, and a decrease in the ratio of MOMP to HSP60 (ompA-to-groEL ratio), signifi-cant differences among the various in vitro persistence models have been noted (16) . The failure to derive a common pattern of transcriptional response from the studies published so far is a consequence of the different molecular mechanisms of persistence induction underlying each model, and it also reflects the variations in chlamydial species and strains, host cell lines, and other experimental conditions.
Although earlier data from morphological, ultrastructural, and cell biological studies showed that C. psittaci was also capable of persistence (7, 23, 25, 33) , changes in the transcriptome have not been investigated. Systematic studies are somewhat hampered, as the complete genome of C. psittaci has yet to be sequenced. However, molecular data are required to improve our understanding of persistence as not only a chlamydial phenomenon but also a potentially important factor in C. psittaci infections and in the pathogenesis of the ensuing human and animal diseases.
In the present study, 27 genes of C. psittaci were examined by mRNA expression analysis in three different in vitro models of persistence. Immunofluorescence and electron microscopy were used to visualize specific morphological alterations, and mRNA expression rates were measured by quantitative realtime PCR.
MATERIALS AND METHODS
Host cells and bacterial strain. HEp-2 cells (ATCC-CCL23) were cultured at 37°C in 5% CO 2 in Eagle's minimal essential medium containing Earle's salts (Cambrex Biosciences, Verviers, Belgium) and supplemented with 5% fetal bovine serum (Cambrex Biosciences) and 2 mM glutamine (Sigma-Aldrich, Munich, Germany). Strain DC15 of C. psittaci, which was isolated in the lab of the authors from an aborted calf fetus, was grown in HEp-2 cell monolayers without the addition of cycloheximide. The species identity of the strain was established by sequencing the 16S rRNA and ompA genes. Chlamydial EBs were harvested by scraping off cultured cells with a cell scraper at 48 h postinfection (p.i.). Cells containing mature EBs were centrifuged at 1,500 ϫ g for 10 min. Cell pellets were resuspended in medium A (phosphate-buffered saline [pH 7.2] containing 2% [vol/vol] fetal bovine serum, 0.2 M sucrose, and 0.002% [wt/vol] phenol red), aliquoted, titrated, and stored at Ϫ80°C until use. Prior to the experiments, the HEp-2 cell line and the chlamydial strain were examined for the absence of mycoplasma contamination by PCR using primers MW28 (5Ј-CCAGACTCCT ACGGGAGGCA-3Ј) and MW29 (5Ј-TGCGAGCATACTACTCAGGC-3Ј), which are specific for the class Mollicutes (18) .
Infection and induction of persistence. Confluent HEp-2 monolayers (10 6 cells) grown in T25 cell culture flasks (10 Cellstar; Greiner Bio-One, Frickenhausen, Germany) were infected with strain DC15 at a multiplicity of infection (MOI) of 1 and centrifuged at 3,400 ϫ g at 37°C for 1 h. Infected cells were further incubated for an additional hour at 37°C and 5% CO 2 . The removal of unbound EBs by aspiration of the supernatant was followed by the addition of fresh Eagle's minimal essential medium containing the respective persistence inducer (persistence models) or lacking it (acute infection as the control). The final concentrations of the inducers were 150 M deferoxamine methanesulfonate (DAM) (Sigma-Aldrich) in the iron depletion model and 200 U/ml of penicillin G (Jenapharm, Jena, Germany) in the penicillin G model. In the IFN-␥ exposure model, HEp-2 monolayers were preincubated 24 h before infection with 240 U/ml of recombinant human IFN-␥ (PeproTech, London, United Kingdom). After medium exchange at 2 h p.i., another 240 U/ml of IFN-␥ was added. Infected HEp-2 monolayers were incubated at 37°C and 5% CO 2 for the indicated time periods. For long-term observation, infected and treated HEp-2 monolayers were maintained for up to 96 h, with medium refreshment and addition of fresh persistence inducer at 48 h p.i. Immunofluorescence staining. Infected HEp-2 monolayers grown on coverslips were fixed with methanol at 48 h p.i. Samples were incubated with an anti-lipopolysaccharide Chlamydiaceae-specific fluorescein isothiocyanate-labeled antibody using an IMAGEN Chlamydia kit (DakoCytomation, Glostrup, Denmark). Inclusion-containing cells were visualized using a BX-51 M fluorescence microscope (Olympus, Ballerup, Denmark) at 400-and 1,000-fold magnification.
Electron microscopy. The cell culture supernatant was replaced with 2.5% glutaraldehyde in cacodylate buffer (0.1 M, pH 7.2) at 48 h p.i. After 2 h of fixation at 4°C, cells were removed from the cell culture dish using a cell scraper, collected in an Eppendorf tube, and centrifuged for 5 min at 1,500 ϫ g. The cell pellet was embedded in 2% agarose and sectioned to 1-mm 3 cubes. Cubes were postfixed in 2% osmium tetroxide and embedded in Araldite Cy212. Semithin sections were prepared to select areas of high cell density for ultramicrotomy. Ultrathin sections (85 nm) were stained with uranyl acetate and lead citrate and examined with a transmission electron microscope (Tecnai 12; FEI, Eindhoven, The Netherlands).
Infectivity assay. Infectivity in the course of induced persistence was determined by harvesting chlamydial organisms from infected monolayers by sonication with an amplitude of 80% for 8 s with 10 pulses (Branson 450D sonifier; Branson, Danbury, CT) at 48 h p.i. and reinoculating them onto fresh, untreated HEp-2 monolayers. The following concentrations of persistence inducers were used: 0 to 250 M of DAM for the iron depletion model, 0 to 400 U/ml of penicillin G for the penicillin model, and 0 to 480 U/ml of IFN-␥ for the IFN-␥ exposure model. Forty-eight hours after reinfection, infected monolayers were fixed with methanol and stained as described above. The numbers of inclusions were counted in 20 random fields and calculated as inclusion-forming units (IFU) per milliliter.
Reactivation assay. HEp-2 monolayers grown on coverslips were infected with a MOI of 1, and persistence was induced as described above. Twenty-four hours or 48 h p.i., the medium was replaced with complete growth medium, i.e., medium containing no penicillin (penicillin G model) or containing 50 M FeCl 3 (iron depletion model) or a 10-fold amount of tryptophan (102 mg/liter; IFN-␥ exposure model). Chlamydial organisms were harvested by sonication 24 h later and inoculated onto fresh HEp-2 cell monolayers using complete standard medium. Forty-eight hours later, monolayers were fixed with methanol, samples were stained as described above, and the infectious titer was estimated by counting 20 random fields per coverslip.
RNA extraction and reverse transcription. Two independent rounds of infection experiments were performed, where 1 ϫ 10 6 HEp-2 cells were infected at an MOI of 1 and exposed to the persistence models described above. At 12, 24, 36, and 48 h p.i., total RNA was isolated using an RNeasy Mini Kit (QIAGEN, Hilden, Germany) including DNase I treatment, according to the instructions of the manufacturer. The quality and quantity of total RNA were determined using agarose gel electrophoresis and UV spectrophotometry. In each case, 5 g of total RNA was reverse transcribed into cDNA using random hexamer primers and a SuperScript III First-Strand Synthesis system for reverse transcription-PCR (Invitrogen, Karlsruhe, Germany) following the manufacturer's instructions.
Design of gene-specific primers. Since the complete genome sequence of C. psittaci is not yet available, the genes of interest were searched using the Chlamydophila abortus genome as a matrix (http://www.sanger.ac.uk/Projects/C _abortus/). Additionally, unpublished sequences of the type III secretion system operon (provided by Matthias Horn, Vienna, Austria) and primers of the pmp genes (provided by David Longbottom, Edinburgh, United Kingdom) of C. psittaci were included. Primers for C. psittaci were defined using Primer Express (Applied Biosystems) and tested by conventional PCR using chromosomal DNA of this species as template. Amplified products were isolated from gel bands using a QIAquick gel extraction kit (QIAGEN, Hilden, Germany), further processed using a BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems), and sequenced with an ABI Prism 310 genetic analyzer (Applied Biosystems, Darmstadt, Germany). For verification and identification, the sequencing data were subjected to BLAST analysis at http://www.ncbi.nlm.nih.gov/BLAST /BLAST.cgi.
qrt-PCR. Measurement of mRNA expression levels using quantitative realtime PCR (qrt-PCR) was performed by using a Mx3000P thermocycler system (Stratagene, La Jolla, CA) with the following temperature-time profile: initial denaturation at 95°C for 10 min, 40 cycles of 95°C for 30 s and 59°C for 1 min, and subsequent melting curve analysis of the amplification product. Each reaction vessel contained a reaction mix of 10 ng cDNA template, 1 l of each primer (final concentration, 200 nM), 12.5 l of qPCR Mastermix Plus for SYBR Green I (Eurogentec, Seraing, Belgium), and 8.5 l of deionized water. All qrt-PCR assays from two independent series of infections were performed at least in triplicate for each target gene with samples collected from each persistence model at 12, 24, 36, and 48 h p.i. The relative gene expression ratio of a target gene was calculated as described by Pfaffl (30) on the basis of real-time amplification efficiency and cycle threshold deviation of a given sample versus the control (acute infection) in comparison to reference gene 16S rRNA or gyrA.
Genes showing relative expression ratios higher than 2 or lower than 0.5 with both internal control genes compared to acute infection were considered to be up-or downregulated, respectively, at the given time point.
Statistical analysis. To compare two independent samples (i.e., mRNA expression ratios of 27 genes from two independent infection experiments, each based on 16S rRNA or gyrA) at the same time point, Student's t test was used. A P value of Ͻ0.05 was considered to show a statistically significant difference at the 95% confidence level. Analysis of variance was performed to test multiple data (i.e., all values per gene from independent experiments) along the time axis for significantly different results.
RESULTS
Infectivity and morphological characteristics of C. psittaci cultures in persistent infection. Three different in vitro cell culture models of persistent infection were studied. Figure 1 illustrates that the addition of either DAM, penicillin G, or IFN-␥ caused transition of chlamydial cells to the persistent state. The infectivity of the C. psittaci strain was drastically reduced at 48 h p.i. in all three models. The following concentrations of persistence-inducing substances were considered optimal and used in all subsequent trials: 150 M DAM (infectivity reduced to 15.6%), 200 U/ml penicillin G (17.0%), or 240 U/ml IFN-␥ (14.9%).
Chlamydial bodies exhibiting abnormal morphology were observed from 24 h p.i. onward for all three persistence models. Immunofluorescent images revealed aberrant forms, i.e., the inclusions appeared to be smaller and RBs larger than those seen with acute, untreated C. psittaci infection (Fig. 2) . At higher magnification, images of aberrant inclusions revealed characteristic inhomogeneities resulting from the enlarged bodies, which distinguished them from normal inclusions.
In electron microscopy, large inclusions containing numerous EBs, numerous intermediate condensing bodies, and low numbers of RBs were observed for untreated controls at 48 h p.i. The addition of either DAM, penicillin, or IFN-␥ led to smaller inclusions, enlarged RBs, and few or no EBs (Fig. 3) . The morphology of the inclusions differed among the persistence model systems. The iron depletion model generated RBs about twice the size of those seen with acute infection. RBs were irregularly shaped. Budding of small bodies under the wavy outer membrane was observed. Numerous intrainclusional membrane vesicles were observed. Treatment with penicillin G caused inclusions containing few, closely packed RBs. Within the same inclusions, RBs varied from normal size to 10 times enlarged and had a highly variable shape. Especially large RBs had an electron-lucent cytoplasm with a loose network of filaments and multiple electron-dense foci. Multifocal deposition of electron-dense material was observed multifocally on the outer membrane of RBs. Images of the IFN-␥ exposure model exhibited inclusions containing 2-to 4-timesenlarged RBs of variable shape in the periphery and with amorphous granular material in the center. RBs had a clumped cytoplasm with electron-lucent foci.
Rescue of infectious chlamydiae from persistent cultures. To check the reversibility of the persistent state in each model system, the capability of persisting chlamydial bodies to recover and infect fresh and nontreated host cells was examined. The results of the reactivation assay in Fig. 4 illustrate that C. psittaci cells were rescued from persistence and returned to be infectious. Compared to acute infection, recovery rates at 24 h p.i. were 85.4% for the iron depletion model, 68.1% for antibiotic treatment, and 62.3% for IFN-␥ exposure.
Differential gene expression in the persistent state in three cell culture models. HEp-2 cell monolayers were infected with C. psittaci DC15 (MOI, 1) and treated with DAM, penicillin G, or IFN-␥ to induce persistence in two independent experimental series. Acute nontreated infections served as controls. Total RNA was isolated at 12, 24, 36, and 48 h p.i. and reverse transcribed into cDNA. The study focused on 27 chlamydial genes, which encode membrane proteins and stress response proteins as well as proteins involved in transcriptional regulation, signal transduction, and RB-EB differentiation (see Table  S1 in the supplemental material). Their transcript abundance levels were analyzed by qrt-PCR. The 16S rRNA and gyrA genes served as internal standards for comparisons of gene expression between persistence-induced and nontreated chlamydial cultures.
Relative mRNA expression levels in the course of development of persistence in all three cell culture models are summarized in Table 1 (see Table S2 in the supplemental material for data normalized for gyrA). From 24 h p.i. onward, qrt-PCR measurements revealed downregulation of genes encoding membrane proteins (omcA, omcB, pomp91A, pomp91B), chlamydial sigma factors (rpoD [sig66], rpsD [sig28], rpoN [sig54] ), cell division protein (ftsW), and RB-EB differentiation proteins (ctcB, ctcC) in all three models.
At 48 h p.i., transcription of virtually all genes, including cell division factor ftsW, the apoptosis-associated chlamydia protein associating with death domains (CADD) gene, and sctN and incA of the type III secretion system, was reduced or shut down in DAM and IFN-␥ experiments. In contrast, the penicillin G model showed steady upregulation of stress response genes at early and late stages; this was particularly the case for grpE and groES, whose expression was not shut down even at 48 h p.i. Also, ompA remained twofold upregulated at 48 h p.i. Another distinctive feature of penicillin G-induced persistence was a secondary peak in mRNA expression of euo, pkn1, and PP2C (significant upregulation) as well as groES, efp2 and pknD (measurable, though not significant, upregulation) at 36 h p.i.
Statistical analysis confirmed the absence of significant differences between mRNA expression ratios from two independent infection experiments (Student's t test). The analysis of variance test revealed significant variations in mRNA expression along the time axis in those cases highlighted in Table 1 .
DISCUSSION
This study was undertaken to elucidate three different in vitro models for changes in mRNA expression during the transition of C. psittaci to the persistent state and to work out common and distinctive features of chlamydial persistence by comparisons with published data on Chlamydia trachomatis and C. pneumoniae. While the phenotypical criteria were in line with observations from the literature, i.e., aberrant morphology of reticulate bodies, loss of cultivability, and rescue of infectivity upon removal of inducers, the transcriptional re- The first persistence model, DAM-induced iron depletion, resembles the local microenvironment of inflamed infected tissues (1). Under our experimental conditions, it appeared to be the most resilient model, having the highest recovery rate from persistence at 24 h p.i. At the same time, we observed the lowest total number of upregulated genes among the models we tested, which indicates a relatively straight transition to the persistent state.
Exposure to 240 U/ml IFN-␥ caused the most intensive transcriptional response of chlamydial cells at the early stage, where 8 of the 27 genes were significantly upregulated. At the late stage, the most complete shutdown of mRNA expression among the three models occurred, which is in line with the observation that the highest loss of infectivity occurred in the IFN-␥ trials (Fig. 1) . Many studies in the literature were based on the IFN-␥ model (3, 6, 27) , which is thought to reflect locally elevated levels of this cytokine during chlamydial infection in vivo. In this context, persistence can be regarded as an alternative branch of the chlamydial developmental cycle designed to evade the host's immune response (5) . Susceptibility of C. psittaci to IFN-␥ may be expected, as this species has no functional tryptophan synthesis operon (G. S. A. Myers, personal communication). Early studies of avian Chlamydia psittaci had already shown inhibition of intracellular replication and inclusion development as a result of IFN-␥ treatment (7, 33) . Current data on stress response factors and surface proteins are showing good agreement with recent findings on C. pneumoniae (which also lacks the trp operon) in IFN-␥ and iron depletion models (39) . In contrast, Chlamydophila caviae (formerly Chlamydia psittaci GPIC strain) harbors a complete tryptophan biosynthesis operon consisting of six genes, trpRDCFBA, whose expression is regulated by the amino acid. This set of genes enables C. caviae to recycle tryptophan and thus accounts for the IFN-␥-resistant phenotype displayed in indolamine dioxygenase-expressing host cells (41) . Similarly, genital strains of Chlamydia trachomatis were found to possess functional trpBA genes, which enable them to utilize exogenous indole for tryptophan biosynthesis (12) . This characteristic difference provides an explanation for our observation that the late shutdown of essential genes in C. psittaci with IFN-␥-induced persistence was more comprehensive than that in Chlamydia trachomatis D strains (5).
Penicillin-induced persistence imitates in vivo conditions of inadequate antibiotic treatment. The fact that the response pattern of this model was markedly different from the other two should be due to the distinct mechanism of action, i.e., targeting cell wall synthesis rather than chlamydial metabolic pathways. Furthermore, Timms (39) pointed to an overlap between IFN-␥ and iron depletion models, as IFN-␥ also downregulates transferrin receptors, which results in lower host cell iron levels.
One of the most interesting findings of the present study is the conspicuous upregulation at 12 h p.i. of late genes coding for membrane proteins (omcA, pomp91B, omcB) and for proteins involved in DNA condensation (hctA), RB-EB differentiation (ctcB), type III secretion system (incA), signal transduction (pkn1), and transcriptional regulation (rpoN), particularly in the IFN-␥ model. This seems to illustrate that, in response to challenge by the host immune system, the chlamydial cell tries to accelerate its developmental cycle by prematurely initiating processes that would normally occur at a later stage and/or enhance already ongoing expression of genes that are essential for long-term survival. Nonetheless, this transient increase in mRNA abundance does not result in measurable EB formation, as one would expect from the massive upregulation of hctA and some membrane proteins. Another characteristic feature of the present persistence models is downregulation of the vast majority of genes at 48 h p.i. Notably, the group of the most intensely downregulated genes includes omcA, omcB, pomp91B, hctA, and ctcC, all of which were transiently upregulated at 12 h p.i. This mRNA expression pattern underlines the hypothesis that the processes prematurely initiated and probably not completed can no longer be maintained by the chlamydial cell at the late stage, and it further illustrates the idea that mRNA expression rates at 48 h p.i. do not merely reflect a general shutdown but show differential regulation.
It is also important that the persistent state of C. psittaci can be extended considerably. Our observation that a sizeable proportion of chlamydial cells remained visibly persistent and viable at least until 96 h p.i. with all three models (data not shown) additionally illustrates the chronic aspect of this phenomenon.
Summarizing the qrt-PCR data, we postulate that downregulation of genes coding for membrane proteins, transcription regulators, cell division factors, and EB-to-RB differentiation factors is associated with establishment and maintenance of the persistent state in vitro, independent of the inducing reagent. The downregulation of genes and proteins that are specifically expressed late in the productive developmental cycle most likely reflects the inhibited RB-to-EB differentiation. This is a common observation with persistence models, and it led to the late gene shut-down hypothesis (16) .
Regarding regulation of individual genes during transition to persistence, the present data do not support the suggestion that a decrease in the ompA-to-groEL ratio is a universal persistence marker. No steady decline of the ratio was observed for any of the C. psittaci models as mRNA expression rates of both genes were oscillating along the time axis, and clear downregulation at the late stage was observed only with IFN-␥-induced persistence. Recent studies on C. pneumoniae also reported data showing that this ratio was not suitable as a marker for all chlamydial persistence systems (16, 22, 24) .
Cell division protein FtsW is assumed to be involved in cell wall formation through septum peptidoglycan synthesis (37) . The present study demonstrates the association of low mRNA expression levels of ftsW with persistence of C. psittaci, which is in agreement with reports of downregulation in several in vitro persistence models of Chlamydia trachomatis (5, 13) and C. pneumoniae (8) . Consistent downregulation of this gene from 24 h p.i. onward is in accordance with the observation that, in persistent infection, chromosome partitioning still takes place, whereas cell division is inhibited (8) .
Interestingly, the CADD gene was found to be downregulated at the last stage of the present IFN-␥ experiments after having been transiently upregulated at 24 h p.i. This is in contrast to data from IFN-␥-induced persistence of Chlamydia trachomatis, where it was downregulated at 24 h p.i. and upregulated at 48 h (5). CADD shares homology with the death domains of tumor necrosis factor family receptors and induces apoptosis when transiently transfected to noninfected cells (36) . Although it is not known at present whether CADD is the dominant protein governing apoptosis, a recent study reporting the crystal structure of this protein (35) demonstrated its capability to induce in vivo cell death of HeLa cells. Both catalytic activity and death domain binding were found to be required for its complete biological function. As this redox protein toxin was shown to necessitate two Fe 2ϩ ions per molecule, an iron-depleted environment during persistence may contribute to the inhibition of apoptosis, thus further supporting the hypothesis that apoptosis inhibition is an integral part of persistent infection or at least concurrent with transition to that state (11, 28) .
We believe that consistent and severe downregulation of the ctcB-ctcC gene pair also represents an interesting observation. It was predicted to encode highly conserved proteins with homology to bacterial two-component regulatory systems, and a possible role in late gene regulation during RB-to-EB transition was suggested (21) . As both ctcB and ctcC were downregulated in our persistence models from 24 h p.i. onward, and RB-to-EB differentiation was obviously not taking place, it is conceivable that the genes and/or proteins are involved in this late differentiation process during acute infection.
The considerable divergence among data from the different model systems suggests that, at least in vitro, there is no persistence model per se, but rather a number of different ways for chlamydiae to reach this state. Similarly, cytokine-mediated inhibition of intracellular chlamydial growth was found to involve multiple mechanisms, such as nitric oxide induction, tryptophan catabolism, and iron deprivation (19) . On the other hand, the effect of persistent chlamydial infection on the host cell response was also found to be dependent on the inducing reagent. While IFN-␥ and penicillin treatment led to inhibition of C. pneumoniae-induced gene expression in HeLa cells, continuous and even increasing responses were observed with the iron depletion model (29) .
Being the first molecular study on C. psittaci persistence, the present work demonstrates the capability of this pathogen to respond to simulated host challenges by altering mRNA expression of specific genes, which led mostly to strong inhibition or complete shutdown of mRNA expression in the persistent state. The reversibility of this phenomenon illustrates the efficiency of the chlamydial response and provides a principal clue for the explanation of a number of peculiarities, including chronicity of chlamydioses, failure of antibiotic therapy and immunoprophylaxis, and practical difficulties in isolating and culturing viable strains from infected tissue.
